Somatic mutation of the MTOR gene is a genetic etiology of focal malformations of cortical development. In this issue of Neuron, Park et al. (2018) identify defective autophagy-dependent ciliogenesis/Wnt signaling as an underlying mechanism affecting neuronal migration and cortical lamination.
The cerebral cortex is a six-layered masterpiece of the human brain that illustrates the finely tuned complexity of the mechanisms orchestrating neuronal proliferation, migration, and differentiation. Since each step depends on the successful completion of the previous one, the correct timing and positioning of the neurons, as well as the ability to properly coordinate intrinsic and extrinsic signals both temporally and spatially, is key to ensuring correct synaptic connections and function. The fact that the cerebral cortex is a neuronal circuit critical for learning and plasticity is underscored by focal malformations of cortical development (FMCD), which are characterized by disorganized cortical lamination, presence of cytomegaly, and expression of stem cell markers and present with epilepsy and intellectual disability (Lim and Crino, 2013) . FMCD are often referred to as mTORopathies because they are caused by somatic mutations in mTOR regulatory genes (AKT3, MTOR, and PI3K), as well as dominant TSC1/TSC2 gene mutations. These brain malformations include focal cortical dysplasia (FCD), hemimegalencephaly (HME), tuberous sclerosis complex (TSC), and ganglioma (GG) (Lim and Crino, 2013; Lim et al., 2015) . Despite the severity of these clinical manifestations, the molecular mechanisms underlying FMCD remain unclear.
Primary cilia are sensory organelles that play key roles in brain development and homeostasis through the integration of extracellular signaling pathways such as Wnt, sonic hedgehog, and Notch (Guo et al., 2015) . In the CNS, cilia are thought to regulate the morphological and physiological maturation of newly generated neurons and the construction of the cerebral cortex through regulation of neuronal proliferation, migration, and differentiation. A critical neurodevelopmental role for cilia is underscored by the fact that mutations in genes affecting cilia formation and/or function are the genetic cause of ciliopathies, which are a broad spectrum of genetic disorders often associated with poor neurodevelopmental outcomes such as brain malformations, ASD-like symptoms, and cognitive defects (Lee and Gleeson, 2011) . In this study, Park et al. (2018) investigate whether defective ciliogenesis might underlie FMCDs associated with somatic mutations in MTOR. They observed a reduction in ciliogenesis when comparing resected brain tissue from HME and FCD patients with MTOR somatic mutations to resected brain tissue from a patient with Lennox-Gastaut syndrome (LGS). A similar reduction in cilia was observed when comparing the same non-FMCD patient to specimens from patients with TSC2 mutations, which is a form of FMCD associated with mTOR activation.
Upon biochemical analysis, the authors demonstrate that the MTOR mutation p.Cys1483Arg, which is found in FMCD patients with both FCD and HME (D'Gama et al., 2015) , is an mTOR activating mutation, as it significantly increases mTOR kinase activity and S6 phosphorylation in HEK293 cells. To test whether defective ciliogenesis might represent a molecular mechanism underlying the neuropathological manifestations of FMCD associated with mTOR hyperactivation, they generated in vitro and in vivo models with the p.Cys1483Arg mutation. The authors used NIH/3T3 mouse fibroblast lines transiently transfected with wild-type MTOR, p.Cys1483Arg, or p.Leu2427Pro expression plasmids or a line that carried an MTOR mutation (c.4448G>A) created with gene editing using CRISPR-Cas9 homology-directed repair (HDR). To study the effect of mutant MTOR on the developing cortex in vivo, they performed in utero electroporation of a pCIG-MTOR wild-type or pCys1478-Tyr-IRES-EGFP plasmid at embryonic day 14 (E14). Using this elegant approach, they found that mice expressing somatic MTOR mutation recapitulated several clinical and pathological phenotypes typically found in FMCD patients: (1) E18 mouse brains showed altered neuronal migration and disruption of cortical layers II-IV as assessed by CuX-1 (cut-like homeobox 1); (2) P54 brains displayed cytomegalic neurons, which were rescued by the mTOR inhibitor rapamycin; (3) pups at weaning age had spontaneous behavioral seizures. Once established that the in vitro and in vivo models of brain somatic MTOR p.Cys1483Tyr mutation recapitulate the clinical manifestations of FMCD, they tested regulation of cilia in both the fibroblast cultures and in the brains of the mutant mice. Using the genome-edited serum-starved fibroblasts, they found a reduction in cilia that was reversed by mTOR inhibition using torin or rapamycin. The authors also found that expression of mutant MTOR (either p.Cys1483Arg or p.Leu2427Pro) resulted in reduced ciliogenesis in the brains of mice.
Aside from its key role in cellular metabolism and homeostasis, mTOR inhibits autophagy both in dividing cells and in post-mitotic neurons (Lipton and Sahin, 2014) . A cross-talk has been reported between ciliogenesis and autophagy such that induction of autophagy promotes ciliogenesis via degradation of the OFD1 protein from centriolar satellites (Tang et al., 2013) . Having identified reduced ciliogenesis in both in vitro and in vivo models of MTOR somatic mutations, Park et al. (2018) then tested whether aberrant autophagy might contribute to defective ciliogenesis. Consistent with previous work indicating altered autophagy under mTOR hyper-activation, the authors confirmed inhibition of autophagy in both their in vitro mouse fibroblasts and in vivo mouse brain models, as well as accumulation of the autophagy substrate OFD1. Importantly, inhibition of autophagy and OFD1 accumulation was also observed in brain tissue from patients with HME, FCD, and TSC.
The authors suggest that lack of degradation of OFD1 results in defective ciliogenesis by showing that Ofd1-knockdown reversed defective ciliogenesis in mutant fibroblasts and mouse brains harboring MTOR somatic mutations. Furthermore, Ofd1 knockdown restored cortical lamination in the MTOR p.Cys1483Tyr-expressing mice. To further validate the effect of defective autophagy on ciliogenesis, they monitor cilia in the developing cortex of E16 brains after in utero electroporation of an shRNA directed at an essential autophagy gene, Atg5. Knockdown of Atg5 in the developing cortex led to defective ciliogenesis and altered cortical lamination, demonstrating a clear involvement of autophagy in cortical development. Together, these findings indicate that autophagy-mediated ciliogenesis is required for proper cortical lamination. Notably, Ofd1-knockdown did not reverse the spontaneous behavioral seizure or the cytomegalic neurons, highlighting the notion that defective neuronal migration and cortical dyslamination are not necessary for mTOR-dependent seizures in this experimental model. Wnt signaling is essential for neuronal polarization and is regulated by cilia. To test whether defective ciliogenesis might affect neuronal polarization through disruption of Wnt signaling, Park et al. (2018) performed E14 in utero electroporation of a canonical or a non-canonical Wnt signaling-dependent reporter together with the MTOR wild-type or p.Cys1483Tyr-expressing plasmids. Aberrant activation of canonical Wnt signaling and inactivation of non-canonical Wnt signaling were observed in the upper subventricular zone of E16 mutant mice. In addition, compared to wild-type neurons that were mostly bipolar, the MTOR p.Cys1483Tyr expressing neurons in the intermediate zone were multipolar, suggesting dysregulation of neuronal polarity. Interestingly, Ofd1 knockdown restored Wnt signaling and reversed defective neuronal polarity in the affected brain regions of mutant mice, suggesting a causative role for mTOR-dependent inhibition of autophagy in aberrant Wnt signaling. Finally, restoration of non-canonical Wnt signaling by expression of Wnt5a rescued defective neuronal migration in the MTOR mutant mice, conclusively demonstrating a requirement of Wnt signaling for cortical lamination and neuronal migration (Figure 1) .
Cilia are ancient organelles; however, their mechanistic role in brain homeostasis and function has only recently begun to be understood. By establishing a role of autophagy-dependent OFD1 degradation in the regulation of neuronal migration through cilia-mediated Wnt1 signaling, this study identifies an important role for cilia in CNS development. Interestingly, this work indicates that -at least in the setting of FMCD with brain somatic MTOR mutation -cortical dyslamination is not necessary for epileptogenesis. Instead epileptogenesis might arise from other undefined mechanisms rather than the autophagy-dependent ciliogenesis/ Wnt signaling.
Here, Park et al. (2018) use starvation as the classical method of induction of autophagy in dividing cells, but they use non-neuronal cells such as fibroblasts to model autophagy induction or inhibition. One caveat is that starvation provokes different responses in neurons and nonneuronal cells in vitro and in vivo (Klionsky et al., 2008; Mizushima et al., 2004) . Thus, future studies will need to investigate whether OFD1 is the only autophagic substrate contributing to altered cilia downstream of mTOR activation and whether other cellular mechanisms might regulate cilia in primary neurons besides autophagy. This study also raises the question whether Wnt-signaling is the only pathway affected by the ciliary phenotype in MTOR mutant neurons. Notably, brain MTOR somatic mutation also had a non-cell-autonomous effect on neuronal migration, ciliogenesis and autophagy in the neighboring GFP-negative neurons adjacent to the GFP-positive neurons with MTOR mutations. These findings highlight the need for future work to elucidate the molecular mechanisms affected by the non-cell-autonomous effects of mTOR hyper-activation. Finally, future studies should investigate the possibility that defective ciliogenesis associated with aberrant mTOR signaling might be associated with other neuronal abnormalities besides cortical lamination and neuronal migration. Together, the study from Park et al. (2018) provides an important framework for further investigation and novel translational Neural circuits, like their electronic counterparts, combine canonical elements in myriad ways to achieve diverse signal transformations. Although the local functions of individual elements (e.g., negative feedback) are relatively well understood, how multiple components interact to shape the overall input-output transformation of neural circuits remains mostly unknown. In this issue of Neuron, Drinnenberg et al. (2018) address this question in the retina.
At the first synapse of the retina, photoreceptors provide glutamatergic input to horizontal cells and bipolar cells. In mice, cone photoreceptors (cones for short), which mediate vision in bright light, receive negative feedback from a single horizontal cell type and pass signals on to 15 bipolar cell types (Figure 1 ). Bipolar cell types differ in their contrast preferences (ON versus OFF) and temporal tuning, extracting different components of their shared input signal (i.e., parallel processing) (Euler et al., 2014) . In the inner retina, specific combinations of bipolar cells innervate approximately 50 types of interneurons (i.e., amacrine cells) and more than 30 types of retinal ganglion cells, the output neurons of the eye (Helmstaedter et al., 2013) . Thus, the retina converts lightevoked photoreceptor inputs into more than 30 parallel outputs, each conveying different information to the brain.
To understand how negative feedback at the first synapse and parallel processing downstream shape the input-output transformation of the retina, Drinnenberg et al. (2018) suppress the light responses of horizontal cells while monitoring the light responses of large ensembles of retinal ganglion cells. Naively, one might expect that feedback from a single horizontal cell type to the single functional cone type driving light responses in this study would have uniform consequences across all retinal outputs. Drinnenberg et al. (2018) reveal this intuition to be spectacularly wrong and provide a simple quantitative explanation for how parallel processing converts unitary feedback into diverse, sometimes opposite, changes across different retinal outputs.
